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ABSTRACT

Results of a thermal analysis to predict the internal
temperatures in an isotope heat source (a design based on
Pioneer technology) during Brayton power system operation
are presented, A range of heat source and heat source heat
exchanger emissivities which could be expected, a range of
heat source fuel load around the nomipal 400-watt value, and
a range of heat exchanger temperatures around the nominal
value for a 1600° F turbine inlet temperature were considered,
The type of heat source reentry insulation was also varied.
Heat source units configured in a planar array parallel to the
heat source heat exchanger and in a pincushion array inter-
leaved with the heat source heat exchanger were considered,
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A PARAMETRIC THERMAL ANALYSIS OF AN ISOTOPE BRAYTON
HEAT SOURCE DESIGN DURING STEADY STATE OPERATION

by Raymond K, Burns

Lewis Research Center

SUMMARY

A thermal analysis has been performed to predict the internal
temperatures, particularly the liner temperature, in an isotope
heat source (a design based on Pioneer technology and referred to
here as IBHS) during operation .in a Brayton power system heat source
unit., The heat source temperatures were determined for a range of
heat source and heat source heat exchanger emissivities which could
be expected, for a range of heat exchanger temperatures around the
nominal design for 1600° F turbine inlet temperature, and for a
range of heat source fuel load .around the nominal value of 400 watts.
Heat sources with three types of reentry insulation were considered,
namely the nickel-zirconia thermal switch and pyrolytic graphite in
two and three layers, Three heat source unit geometries were con-
sidered, a planar array of heat sources with heat transfer from one
side of the array, a pincushion configuration with heat transfer
from two sides of heat source rows, and a limiting case in which
individual heat sources were axisymmetrically surrounded by a heat
exchanger,

The IBHS design considered in this analysis has a 6.3-inch
long capsule and a 400-watt fuel load and either a thermal switch
or two layers of pyrolytic graphite reentry insulation (emissivity
of 0.8), The results presented show that this heat source is
marginal in meeting the assumed steady state temperature limit of
2200° F on the liner when the heat source is in a planar array.

For this same heat 'source, with a thermal switch insulation sleeve,
in a pincushion array, it was predicted that the liner temperature
would be 130° F lower. For an IBHS with two layers of pyrolytic
graphite insulation it was predicted that the liner would be 100° F
lower in a pincushion array than in a planar array HSU,

As a comparison to the IBHS, results are also presented for
an Isoloaf heat source in which the energy is not constrained to
be transferred through reentry insulation during operation. The



liner temperature in an Isoloaf heat source is shown to he much
less sensitive to variations in reentry insulation than in the
IBHS design, The liner temperature in an Isoloaf heat source
with two layers of pyrolytic graphite (emissivity assumed 0. 8)
in a planar array is shown to be very close to that in the IBHS
with the same capsule and insulation but in a pincushion array.

INTRODUCTION

A thermodynamic power system to develop auxiliary electric
power in space is being developed by NASA Lewis Research Center.
The system operates on a closed loop Brayton cycle (see ref, 1
& 2). One of the energy sources under consideration for this
system is the radioisotope Pu-238., The isotope fuel is contained
in refractory metal capsules which are surrounded by reentry pro-
tection materials. The individual reentry protected capsules are
called heat sources (HS) and are assembled onto a support structure
for operation with the Brayton system, This assembly is referred
to as the heat source uynit (HSU). The thermal energy of the radio-
isotope fuel is radiatéd from the HSU to the heat source heat ex-
changer (HSHX). As the Brayton cycle working gas passes through
the HSHX it is heated to the 1600° F turbine inlet temperature.

In order that the HSU can be easily and safely separated from the
power system, withqut o ening the Brayton cycle gas loop, thare
is no physical contact : Eetween the HSU and the HSHX.

| :

‘Should atmospheric reentry ever occur, : the entire HSU is an
integral part of a heat source reentry vehlcle (HSRV) which is
de81gned for safe, predictable, intact reentry of the HSD (see.
ref, '3), In addition, should an individual HS become separated
from the HSU and HSRV its. individual reentry protection materials
are intended to provide it with safe reentry capability,

The number of heat sources used in the HSU, the HS fuel load,
and the HSU geometry depend on constraints on system size and
weight and on operational thermal constraints, The heat source
(which is described in more detail later) evaluated in this
analysis for use in the Brayton power system HSU is referred to
as the Isotope Brayton heat source (IBHS), The IBHS contains a
sleeve of reentry insulation for protection of the capsule during
individual HS reentry. However, since the thermal energy from the
capsule must be transferred through this insulation during power
system operation, the?presence of the insulation increases opera-
tional temperatures of the fuel capsules, When an adequate amount



of insulation is included for reentry protection, it becomes
difficult to meet the thermal constraints during power system
operation (see ref, W), The IBHS design is limited in opera-
tional temperature by the compatibility of the fuel with the
metallic liner surrounding it (this is discussed later).

The conflict between reentry and operational fhermalvcon-
straints can be alleviated in two ways, One approach would be
to change the HS reentry characteristics in order to reduce the
required amount and extent of the reentry insulation, A second
approach would be to change the thermal boundary conditions on
a HS to reduce its operational temperatures, '

The main objective of this analyses is to investigate the
second alternative, To do this, the operating temperatures of
a capsule in an IBHS are predicted for three HSU geometries:
(1) a planar array with heat transfer to the HSHX from one side
of the array (the present geometry, see ref, 3), (2) an array of
heat sources with heat transfer to the HSHX from two sides of
the array (representing the pincushion geometry, see ref, 5),
(3) a HSHX axisymmetric with an individual HS over its full length
(representing the limiting case of maximum heat transfer area),
In addition, the HS fuel load, the HSHX temperature, the HS reentry
insulation, and the HS and HSHX surface emissivities are varied,

The first alternative mentioned above to alleviate the conflict
between reentry and operational thermal constraints has been inves-
tigated in a preliminary manner in reference 6, The HS configura-
tion examined there (shown in fig. 1b) was referred to as an Isoloaf
HS and is aerodynamically ghaped so that if the HS stabilizes during
reentry it is in a predetermined orientation, Reentry insulation
is included only on the side of the HS designed to lead during any
possible stable reentry attitude., Such a configuration eliminates
the need to transfer energy through the insulation during power
system operation and therefore reduces operational temperatures of
the capsule, Some predictions of operational temperatures in an
Isoloaf HS are included here as a comparison to the IBHS,

DESCRIPTION QF A HEAT SOURCE

The heat source design (IBHS) examined here is shown in
figure la, It is a derivative of the HS being developed by the
AEC for the Pioneer mission isotope thermoelectric generator,

The fuel is contained within a hemispherically capped, cylindrical,



refractory metal capsule., The capsule structural member is a
tantalum alloy (T-111) and is separated from the fuel by a
tantalum-10% tungsten liner, The liner is intended to prevent
reactions between the fuel and the structural member. The T-111
member is covered by a platinum-20% rhodium oxidation resistance
clad., The fuel is distributed throughout the cylindrical portion
of the capsule with the hemispherical end regions being filled

by molybdenum spacers,

A heat source consists of the fueled capsule and its reentry
protection, The IBHS reentry protection consists of POCO and
Carb-I-Tex graphites and insulating materials, The cylindrical
portion of the capsule is surrounded by a sleeve of reentry
insulation material. The capsule and insulating materials are
held within an outer sleeve of POCO graphite by Carb-I-Tex
graphite end plugs, The end plugs are separated from the capsule
by tantalum felt complignce pads and a layer of TZM (molybdenum
alloy). The exterior shape of the POCO graphite is a hexagonal
cylinder,

In the Pioneer application the cylindrical sleeve of reentry
insulation currently being considered (see ref. 7) is three layers
of pyrolytic graphite (PG) with a total thickness of 200 mils,

In the IBHS being evaluated for use with the Brayton power system,
two other types of reentry insulation are currently being con-
sidered by the AEC. One consists of a sleeve of two layers of
PG with total thickness of ‘133 mils, The other consists of a
200 mil thick sleeve of nickel-zirconia ;thermal switch material,
This material is a zirconia foam impregnated with nickel and
exhibits an irreversible decrease in thermal conductivity when
the material reaches or exceeds the nickel melting temperature
(2600° F) during atmospheric reentry (see ref, 8), The material
thus has a desirably low thermal conductivity during reentry and
a slightly higher value during power system operation,

The fuel capsule is a vented design, A pressure retention
device (PRD) is included in one end of the capsule (not shown
in figure la) to maintain a helium pressure of 1,0 to 6,0 psia
within the platinum-20% rhodium clad, In the present thermal
analysis it is assuméd that all gaps within the capsule are
helium filled,

THERMAL CONSTRAINTS

The temperature distribution within the IBHS located within
the HSU array during steady state power system operation must be
kept below a limit which is determined by the compatibility of



the fuel with the liner material. For the purpose of the present
thermal analysis, this upper limit is assumed to be 2200° F. The
validity of this limit has yet to be confirmed by test data.

A second thermal constraint applies to atmospheric reentry
of an individual HS, It is presently required that the platinum-
20% rhodium oxidation resistance clad on the capsule be kept
below its melting temperature (~~3400° F) A number of stable
orientations and tumbling and spinning motions during reentry
must  be considered in the selection of the HS reentry protection
materials. It has generally been accepted that the side-on-
stable orientation throughout the trajectory is the most severe
thermally. During side-on-stable reentry of an IBHS, in an
orbital decay trajectory, the peak temperature of the POCO
graphite is predlcted to reach about U4000° F (see ref, 4 & 9).
This, together with the high thermal eonduct1v1ty of POCO
(”“20 BTU/hr-ft~°F), results in the nece351ty of ineluding a
layer of insulation between the POCO and the clad,; to keep the
clad below its melting temperature durlng side-on-stable reentry,
Because of the omnidirectional reentry characteristics of the
IBHS: (it could stabilize with any of the six sides. leadlng)
this insulation must surround the capsule as shown in figure 1.

Because the insulation surrounds the capsule, the thermal
energy from the fuel must be transferred through it during steady
state power system operation, Including the insulation in the .
IBHS raises its, steady state liner temperature resulting in a
conflict between the steady state and reentry thermal constraints,
This is further discussed in reference Y4, The amount of insula-
tion required depends on .the trajectory, as.well as on the HS
orientation during reentry, and on the temperature distribution
in the HS at the ‘beginning of the trajeetory As shown in .
reference 4, if &n adequate amount of insulation is included in
an IBHS to protect the clad during side-on-stable reentry, the
steady state temperatures may exceed the assumed acceptable limit.

The amount'of insulation necessary for a tumbling or spinning
HS is much less than required for a side+~on-stable: orientation
(e g., see ref, U), Therefore a possible way to gvoid the con-
flict between the two thermal constraints would be to ‘eliminate
the possibility of side-on-stable orientation occurring so that
the insulation requirements are reduced. Another approach would
be to aerodynamically shape the HS for .predictable orientation

and then to include 1nsulat10n only on the side of the HS designed



to lead if the HS attitude stabilized during reentry. The
opposite side cquld be ysed as a heat transfer path during
steady state power system operation, This apprpach has been
examined in reference §., A third approach would be to accept
the amount of insulatidn required for reentry and to reduce
steady state operational temperatures by other means, as
examined in this analysis,

ANALYSTS

The IBHS considered in this analysis is shown in figure la,
The temperatures of the heat source are predicted for three HSU
configurations, . One is the close-packed planar array of heat
sources which rgdiate energy to the HSHX from only one side of
the array (fig. 2a). This corresponds to the present HSU design
approach (ref, 3), Another'case considered is a closerpacked
array of heat sourceg which radiate energy to the HSHX from both
sides of the array, Phy51cally this case could he approached by
arranging the heat soqurces in single rows with the heat source
ends attached to the%HSU support plate, The HSHX would then be
inserted between rows !0f heat sources so that ‘each HS row radiated
energy to the HSHX on two opposite sides of the row (see fig.' 2b).
This is the pinecushiori HSU configuration considered in reference 5.
In both of these cases it was assumed that there is no space .
between adjacent heat sources. Finally, the third case con51dered
is the HSHX axlsymmetrlcally surroundlng indiyidual heat sources
over their full length, This is the limiting:case representing
the maximum heat transfer area between HS and HSHX,

The present analysis is divided into two parts, First, a
preliminary estimate of the HS radiating surface temperature was
made as a function of the emissivities of the:HS exterior surface
and the HSHX surface and as a function of the sink temperature
for the three HSU geometries listed above, A simple one dimen-
sional model of the radiative transfer between the HS and HSHX
was used for this purpose, The results give an indicatibniof
the sensitivity of the HS temperatures to these factors,. This
approach avoids the detalled eon51deratlpn of the heat transfer
within a HS with con51derable savings in computatlonal time and.
effort, . P

This simple model does not however predict the actual variation
in temperature over the HS surface or the temperature difference
between the HS surface and the liner hot:spot. The liner hot spot



is the operating temperature of primary interest and the difference
between this temperature and the HS surface temperature is actually
a function of such parameters as HSU geometry, HS fuel load, and
sink temperature, The second part of this analysis was to examine
the HS interior heat transfer in detail. Two thermal models were
used for this purpose, a one-dimensional model for the axisym-
metric HS, HSHX case and a three-dimensional model for the other
two HSU geometries considered,

One Dimensional Radiation Transfer Thermal Model

The one-dimensional thermal model used to simulate the
radiative exchange between the HS array and the HSHX is shown
in figure 3, Possible temperature variations over ithe HS surface
and over the HSHX surface are neglected, The HSHX ‘is assumed to
be an infinite plane surface. The HS array surface is taken to
be infinite with parallel, 120 degree included angle V-grooves
representing the top surface of the heat sources, The resulting
temperature of the HS surface can be thought of as an average of
the actual temperature variation which would oceur

The radiative flux input to the HSHX for the one-dimensional
model in figure 1 can be written:

4 4
= EnsEpix (GTHS _ O-THX \)
Cl)HX l - eHs FHS-HS - (')Hs QHX FLIS-HX.

(a symbol list is included in Appendix A).

)

For the two HSU geometries considered in which the heat
sources are arranged in a planar array or in rows, the view
factors are

I

FHS—HX

and Fyo pe = 1-Fg iy = 0134,

0.866
(2a)

For the case in which it is assumed that the HSHX surrounds
each HS axisymmetricglly the view factors are

FHS-HX = 1.0
S (2b)
and PHS—HS = 0,0,



For this model, the radiative flux input to the heat ex-
changer is also equal to the HS fuel load divided by the pro-
jected area of a HS on the HSHX:

Qus

HX (3
Cl) X Aux )
Equations (1) - (3) are solved to obtain the HS radiating surface

temperature as a function of the HSHX temperature and the HS and
HSHX emissivities,

Axisymmetric, One-Dimensional Thermal

Model of a Heat Source

In order to determine HS interior temperatures, a more
detailed thermal model is required, Of the three HSU geometries
considered, the axisymmetric HSHX case is most easily handled.

If the effect of the corners on the hexagonal shaped PQCQO are
neglected, the HS is isothermal in the direction around its axis.
In addition, if it is assumed that each element of the HS has

no longitudinal temperature gradlent the problem becomes a
one-dimensional one, with heat transfer only in thenradlal
direction, This thermal model is shown in figure 4, . Tt can be
seen that the possible heat flow path through the hemispherical
end of the capsule and the Carb-I-Tex end plug of the HS are

not included in the model, Neglect of this possible heat transfer
path makes the model conservative (the amount of conseryatism
will be discussed later). It is assumed that each gap within
the capsule clad is helium filled, ,

Using the one-dimensional HS model in figure Y4, the-radial
temperature distribution in the IBHS was .calculated, The

temperature change across each element of the HS and across each
helium gap was obtained by solving:

()
2Tk L(T:-T.)

‘ln(%)

W=



where k is the thermal conductivity of the material and L is

the logitudinal length of the element in the thermal model,

The longitudinal length of the POCO is taken as the overall

IBHS length; the length of the insulation sleeve is taken as

its actual length; and the length of each element of the capsule
is taken as the length of the cylindrical portion of the capsule.
It is assumed that heat transfer between the layers of reentry
protection materials is by radiation only, The temperature
difference across these radiation gaps was determined using:

Q.. = ZTTT‘LL((S‘TL4-~—6'—‘;4)
T (Hre ) (5)

Three—Dimensional Thermal Model of a Heat Source

For the. other two HSU geometries considered, the HS is not
thermally axisymmetric and a multi-dimensional thermal model
is required, The model shown in figure 4 was generalized to
obtain the three-dimensional thermal model shown in figure 5a,
Again the possible heat transfer path through the hemispherical
ends of the capsule and the Carb-I-Tex end plugs are not included
so the model is conservative, The degree of conservatism 1s not
large since the heat transfer path neglected is in fact a high
resistance path (the amount of conservatism is evaluated later),
As shown by figure 1, this heat transfer path includes the layer
of low thermal conductivity tantalum felt, The network of nodes
in figure 5a represents one-quarter of an IBHS and was used to
obtain the temperature distribution using the CINDA-3G computer
code (ref, 10).

The thermal boundary conditions placed on the exterior
surfaces of the POCO nodes in the model depend on the particular
HSU geometry being considered, ,The HS was assumed to radiate to
a HSHX on one side of the HS array for the planar array HSU and
to a HSHX on two opposite 51de510f a HS row for the pincushion
HSU, 'The radiative exchange factors from the HS surface nodes
to the HSHX were calculated including the presence of the adjacent
heat sources, The nonradiating?exteribr surfaces of the HS were
assumed to be adiabatic, ’

The thermal properties of the nodes in figure 5a denoted as
reentry insulation were taken to be those of: either the nickel-
zirconia thermal switch or of pyrolytic graphite (PG), The



thermal switch was taken to be one layer, 200 mils thick radially
with a steady state thermal conductivity of 1.5 BTU/hr-ft-°F and

a surface emissivty of 0,60, The PG was taken as two separate
layers, each 67 mils thlck radially, with a thermal conductivity

of 0.77 BTU/hr-ft-°F in the radial direction and 120,0 BTU/hr-ft-°F
in the circumferential and longitudinal directions. Two values

of emissivity were considered for PG, 0.5 and 0.8, ibecause of the
uncertainty in the correct value,

The thermal model used for the Isoloaf HS results presented
here is shown in figure 5b, It differs from the IBHS model in
figure 5a only in the exterior shape of the POCO and in the extent
of the reentry insulation, During power system operation, the
Isolgaf heat sources are assumed to be arranged in a planar array
with the flat. side résting on the HSU support plate, The thermal
energy is transferred from the opposite side to the HSHX, The
reentry insulation extends around the capsule only on the flat
side of the heat source which is intended to lead if stabilized
orientation occurs during individual HS reentry (see ref, 6).

RESULTS OF ANALYSIS
One-Dimensional Radiation Transfer Analysis

In figure 6 the HS radiating surface temperature is shown
for the planar array HSU as a function of HS and HSHX emissivities,
The HSHX was assumed to be at 1670° F, (hot spot temperature)
calculated in reference 3 for a 1600° F turbine inlet gas tempera-
ture., As already stated this present calculation neglects
possible variations. in temperature over the HS surface and results
in an avergge HS surface temperature, For comparison, in figure 7
some HS surface temperatures calculated using a three-dimensional
thermal analysis of a’'complete IBHS iare shown, The three-dimen-
sional analysis included detailed ,consideration of the heat trans-
fer within an IBHS located in the HSU array and radiating to a
16709 F HSHX. The thermal model used for the IBHS was similar
to that shown in figure 5 but included the capsule hemispherical
end and the Carb-I-Tex end plug. The HS surface emissivity was
taken as 0,80 and the HSHX emissivity was taken as 0.85. For
these same emissivity values, the one-dimensional model gives a
HS surface. temperature, as shown in figure 6, of 1814° F, The
results given in figure 6 are intended to show the dependence of
the HS surface temperature on the surface emissivities, The
emissivity of the POCO .graphite HS surface is in the range from
0.75 to 0.85, The coatings currently being considered for the
HSHX surface range in the emissivities from 0,65 to 0,95,
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The steady state thermal analyses performed for the Brayton HSU

in references U, 6, and 9 have assumed an emissivity of 0,80 for
the HS and 0,85 for the HSHX, Reference to figure 6'shows that
these em1551v1t1es (e s = 0. 80, eHx = (0,85) result in a HS surface
temperature 38° F hlgher than the case where both surfaces are
optically black, For the worst combhination of emissivities in

the ranges mentioned above (Eug = 0.75, Eux = 0.65) the HS surface
is 780 F hotter than the black surfgce case,

In figures 8 and 9 the average HS radiating surface tempera-
ture obtained using the one-dimensional model is given as a
function of the sink temperature and of HS and HSHX emissivities
for the planar array HSU, for the pincusion HSU, and for the HSHX
axisymmetric with each HS, ThEQEmlSSlVltlES examined in these
figures are values which are in' the expected ranges. It is seen
that the HS surface temperature is mope sensitive to emissivities
for the planar HSU than 'for the! other HSU geometries which have
larger heat transfer areas,

Figures 8 and 9 also show the dependence of the HS surface
temperature on sink temperature for the three HSU geometries
considered, The change in HS surface temperature per degree
of change in the sink temperature is glightly different for the
three HSU geometries considered. As expected this rate of change
is less for the planar array HSU for which the HS temperatures
are highest, The sink temperature (the HSHX temperature) is a
function of the Brayton working gas temperature and the HSHX
design., TFor a given HSHX design, the sink temperature fqr the
HSU is reduced by redycing the turbine inlet gas temperature,

For the present HSHX design the HSHX hot spot was calculated to
be 1670° F for a 1600° F turbine inlet gas temperature (ref, 3).
It is expected that a decrease in heat exchanger temperature
(sink temperature) would be slightly less than the corresponding
decrease in turbine inlet temperature,

The HS radiating area for the pincushion HSU is assumed to
be twice the area for the planar array HSU. 1In figure 9 for a
HSHX emissivity of 0.9 and a sink temperature of 1670° F, the 'Hs
surface temperature for the pincushion HSU is- 66° T less than
for the planar array HSU, $he HS surface temperatures for the
pincushion HSU are seen to be approaching the limiting case in
which the HSHX is axisymmetric with: the 'HS, 1In figure 9 for
Enux = 0.9 and Tux = 1670° F, the difference in HS surface
temperature between the plncushlon HSU and the axisymmetric case
is only 24P F :

11



Figures 6, 8, and 9 which show the effects of surface
emissivities, sink temperature and HSU geometry on the HS
radiating surface temperature are an indication of the *
corresponding effect on the liner hot spot temperature, : However,
the actual temperature difference between the liner hot' spot and
HS surface is a function of many factors, Some of which are
temperature level, HS design (such as the type of reentry
insulation sleeve), 'HS fuel load, and HSU design., Therefore,
quantitative conclusions about the direct effect of surface
emissivities, sink temperature and HSU design on the liner
temperature must be drawn carefully. from the data in these
figures, For example, the difference in liner hot spot tempera-
ture between the planar array HSU and the pincushion HSU should
be greater than the difference ‘indicated in figures 8 and 9 be-
cause the circumferential temperature change within a HS would
be less for the two-sided heat transfer case (pincushion HSU)
than for the one-sided heat transfer case (the planar array HSU),
Examination of these . effects requires a thermal analysis of the
HS interior which is the next step in the present analysis,

Axisymmetrical Heat Source Thermal Analysis

The HS interior temperatures are most easily determined for
the case in which the HSHX is axisymmetric with the HS. Using
the thermal model in figure W, which neglects longitudinal
temperature variations, the radial temperature distribution can
easily be determined, This model was used to determine the IBHS
interior temperature distribution as a function of sink tempera-
ture for heat sources having several different kinds of reentry
insulation sleeves,

The reentry insulation sleeves considered were the nickel-
zirconia thermal switch, two layers of PG (which are being
evaluated for use in the HS for the Brayton isotope power system)
and three layers of PG (which is being evaluated for use in the
HS for the Pioneer mission), The IBHS temperatures for these
cases are given as a function of sink temperature, for a U00 watt
fuel load, in figures:10 through 1U,, The emissivity for the HS
exterior surface and the HSHX surface were taken as 0,80 and 0,85
respectively, One point made clear by figures 10 through 14 is
that the radiation gaps assumed to exist between separate layers
of the reentry protection ‘materials are a significant thermal
penalty during power system operation, 1In all cases considered,
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the temperature difference across the radiation gaps formed by
including the insulation sleeve are greater than the temperature
change across the insulation, For analysis at steady state
operation,. the insulation surface emissivity is as important a
parameter as the thermal conductivity of the insulation, This
can be seen by comparing figures 13 and 14 for two different
insulation emissivities, ' The temperature differences across all
of the gaps within the capsule clad, assumed to be helium filled,
are predicted to be within the range of 20 to 30° F for the cases
in figures 10 through 14,

In figure 15, the liner temperatures for heat sources w1th
these types of reentry insulations are compared, It is seen
that only two cases, the thermal switch and .two layers of PG
with a 0,80 emissivity, are below the assumed maximum liner
temperature of 2200° F, Although this: thermal model is con-
servative in that the heat transfer path through the capsule
end is neglected (the amount of conservatism in this assumption
will be discussed later) it also assumes the maximum possible
heat transfer area (i.e., HSHX axisymmetric to the HS). Even
in this limiting case of maximum heat transfer area, the results
indicate that three layers .of PG would produce liner temperatures
above the assumed limit for HS fuel load of 400 watts and sink
temperatures of interest, :

The axisymmetric HS thermal. analysis is of interest because
it is a limiting case of maximum possible heat transfer area.
But to determine the liner hot spot temperature for a physically
realistic case in which there would be a circumferential tempera-
ture gradient, a more general thermal model is,required.

Three-Dimensional Heat Source Thermal Analysis

In order to examine the HS interior temperatures. as a function
of sink temperature and HS fuel load for the planar array HSU and
the pincushion HSU, the gxisymmetrical IBHS thermal model was
generalized to the three-dimensional model in figure 5a. Thls
model was used to determune the liner hot spot temperature in
an IBHS with two types of reentry insulation, nickel-zirconia
thermal switch and two layers of PG, The results are given in
figures 16 through 18 for a U00-watt HS fuel load as g "function
of sink temperature, For reference, some. results of the axi-
symmetric IBHS analysis are included, Emissivities of 0,80 and
0.85 on the HS exterior surface and on the HSHX surface respeetlvely
are again used, :
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As noted earlier, the HS thermal models used in this analysis
are conservative in that they neglect the possible heat transfer
path through the capsule ends and the Carb-I-Tex end plugs, An
estimate of the degree of conservatism can be obtained by comparing
the liner hot spot temperature predicted using the present thermal
model to that predicted using a model which includes the capsule
end region and Carb-I-Tex end plug. Results have ;been obtained
using such 'a qomplete three-dimensional model for an IBHS contain-
ing a nickel-zjirconia thermal switch, For a sink temperature of
16700 F the results of figure 16 were shown to be conservatlve
(hotter) by 709 F for the planar array HSU and by 65° F for the
pincushion HSU. Since the amqunt of conservatism was found to
be relatively constant for the cases considered it was felt that
use of the present thermal model for this analysis was justified,
The present results can.be used for example to make a valid
comparison between HS and HSU designs but the conservatism must
be considered if the absolute’ temperature level is to be compared
to the acceptable limits,

Comparing the liner hot spot temperature for the planar
array HSU for an I?HS with a thermal switch in figure 16 to
that for an IBHS with two layers of PG (with€pg = 0.80) in
figure 17 shows that the two temperatures are close, The liner
temperature for the thermal switch case is 170 F lower than the
PG case at a 1700° F sink temperature and 29° F lower at a
1500° F sink temperature. Figures 16 and 17 show that the thermal
advantage in ehanging the HSU configuration . from the planar array
to the pincushion is greater for an IBHS with a thermal switch
than an IBHS with two layers of PG, TFor a sink temperature of
1670° F the difference in liner hot spot between the planar
array HSU (one-sided heat transfer) and the pincushion HSU (two-
sided heat transfer) is 130° ¥ for an IBHS with a thermal switch
and 100° F for an IBHS with two layers of PG, This is the resuplt
of the higher circumferential thermal conductivity of PG

In flgure 18, tHe liner hot spot temperature is given for
an IBHS with two layers of PG assuming the PG emissivity is 0,50
rather than the PG emissivity of 0,80 assumed in figure 17, These
two values were used 'because of the present uncertalnty in the
correct value, Comparison of figures 17 and 18 again points out
the importance,of the thermal penalty of the assumed radiation
gaps between layers of reentry protection materials, The results
in figure 18 for Epg= 0.50 show liner hot spot temperatures well
above the assumed ppper limit of 2200° F,
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Up to this point the HS fuel load has been held constant
at 400 watts. The variation in liner hot spot temperature with
change in IBHS fuel load is shown in figures 19 through 21 for
heat sources with a thermal switch and with two layers of PG
reentry insulation, The sink temperature was taken as 1670° F
in these figures, An increase in IBHS fuel load increases the
circumferential heat transfer and, therefore temperature
gradient, resulting in a larger difference between the planar
array HSU and the pincushion HSU, '

The results presented so far shqw the effects of some of
the heat source system parameters on ithe operational temperature
of an IBHS. Variation of these parameters to reduce operational
temperatures is one possible approach to alleviating the conflict
between operational and reentry thermal requirements. Another.
approach, mentioned in the Thermal Comnstraints section, is to
aerodynamically shape the HS in order to eliminate the need for
insulation completely surrounding the capsule, One possible
configuration to accomplish this, the Isoloaf HS, was examined
in reference 6 using a two-dimensional thermal analysis, Some
results obtained for the Isoloaf HS using a three-dimensional
model similar to the one used here for an IBHS are presented
in figure 22, They are compared with the IBHS in a plaﬁar array
and the IBHS in a pincushion array WSU

The Isoloaf HS thermal model is .shown in figure Sb, As
discussed in reference 6, the shape . .is intended to make, the HS
have only one stable attitude (i,e., flat side leading, side-on
orientation)., The reentry insulation surrounds the capsule only
on the flat side. During power system operation the Isoloaf
heat sources are  arranged in a planar array with the flat side
on the support plate The thermal énergy of the capsule is
transferred toward the HSHX through the uninsulated side,

In figure 22, the Isoloaf HS results are for two layers of
PG reentry insulation, the same amount used for the IBHS results
given, It is seen that although the Isoloaf HS results are for
a planar array HSU the liner hot spot. temperature is lower than
it would be in an IBHS using the more complicated pincushion HSU,
The Isoloaf HS results are also shown to be insensitive to slight
changes in the properties of the insulation, For the IBHS with
PG emissivity of 0,5, the liner hot spot temperature exceeds the
assumed upper limit of 22000 F for a U00-watt fuel load (even if
the conservatism of the present three-dimensional thermal model
is taken into consideration), However, the liner hot spot
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temperature in the Iscloaf HS with a PG emissivity of 0.5 is
below the temperature limit for a 400 watt-fuel load (especially
if the conservatism is considered) being relatively ungffected
by the value, '

CONCLUDING REMARKS

The heat source operating temperatures are a function of
the fuel load, the HSU geometry, the sink temperature (HSHX
temperature and .therefore turbine inlet temperature) and the
HS reentry insulation, This combination must be such that the
liner operational temperatupre is below the maximum:allowable
limit assumed at g200° F. IBHS reentry thermal requirements
make it necessary to include g reentry insulation sleeve be-
tween the capsule and the POCO graphite, Since including this
insulation significantly increases operational temperatures
within the capsule, a conflict arises between reentry and
steady state thermal constraints, This conflict can be
alleviated by varying the above mentioned parameters in order
"to reduce the HS operational temperatures,

The results for an IBHS with dimensions given in figure 1,
show : ' ‘

1. For a planar array HSU the average surface temperature
of the hottest HS for the worst expected combination of HS and
HSHX surface emissivities (€Eung = 0.75, €Eux = 0.65) was pre-
dicted to be 40° F hotter than for the nominal case ( Ens = 0.8,
€nx = 0.85). - |

2. 1In a planar array, the HS surface temperatures are more
sensitive to HS and HSHX surface emissivities than in a pin-
cushion array.

3. For the IBHS considered in this analysis using a thermal
switch insulation and having a U00-watt fuel load and a sink
tempeprature of 1670° F, the liner hot spot temperature in a HS
in afplanar array was predicted to be 130° F hotter than for one
in a pincushion array. If two layers of PG (&pg ¥ 0.8) insulation
is used in the IBHS, the results predicted the HS liner hot spot
to be! 100° F hotter for the planar array than for the pincushion
array HSU, L ‘

16



4. The liner hot spot temperature in the IBHS considered,
in a planar array HSU, is about the same with elther a thermal
switch insulation sleeve or with two layers of PG ! (<5Hﬁ = 0.8)
insulation, Taking into consideration the conservatism of the
thermal model used (70° F for an IBHS with thermal switch insu-
lation and located in a planar array HSU) both cases were pre-
dicted to be marginal in being able to operate below the. assumed
2200° F temperature limit on the llner :

5. The radiation gaps assumed tQ exist between separate
layers of the reentry protection materials are a significant
thermal penalty during power system operation, As a result,
the emissivity of the surfaces of the reentry protectian
materials is as significant a parameter as the thermal con-
ductivity of the materials,

6. The liner temperature in the IBHS with three layers of
PG insulation and W00-watt fuel load was shown to exceed the
assumed maximum liner temperature of 2200° F even for the case
in which the HSHX is axisymmetric with the HS,

7. The liner hot spot temperature in an Isoloaf HS (a
variation‘in HS configuration) in a planar array was predicted
to be lower than in an IBHS of same length and fuel load in a
pincushion array, The Isoloaf temperatures were also shown to
be relatively insensitive to the amount and type of reentry
insulation used,

17



APPENDIX A, NOMENCLATURE

A Area

Fij Geometric view factor from i to j

HS Heat Source; metallic capsule containing isotope
fuel surrounded by 1nd1v1dual reentry protection
materlals

HSU Heat Source Unit; array of heat sources and its

supporting structure for use as Brayton engine
energy source,

HSHX Heat Source Heat Exchénger
HSRV Heat Source Reentry Vehlcle5 reentry protection
' for the heat source unit,
IBHS Isotope Brayton Heat Source; design based on the
Pioneer mission thermoelectric generator heat source.
k Thermal conductivity
L Length
POCO POCO graphite reentry material of a heat source.
PG Pyrolyt%c graphite
Q Heat source fuel load
é Heat flux
r Radius
T Temperature
T-111 Tantalum alloy strength member of a capsule,
3 Emissivity
Q Reflectivity

18



Subscripts:

HS
HX

INS

PG

refers
refers
refers
refers
refers

refers

to

to

to

to

to

to

heat source

heat exchanger

reentry insulation material
inside surface

outside surface

pyrolytic graphite

19
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